Abstract Increasing endogenous ciliary neurotrophic factor (CNTF) expression with a pharmacological agent might be beneficial after stroke as CNTF both promotes neurogenesis and, separately, is neuroprotective. P2X7 purinergic receptor inhibition is neuroprotective in rats and increases CNTF release in rat CMT1A Schwann cells. We, first, investigated the role of P2X7 in regulating CNTF and neurogenesis in adult mouse subventricular zone (SVZ). CNTF expression was increased by daily intravenous injections of the P2X7 antagonist Brilliant Blue G (BBG) in naïve C57BL/6 or Balb/c mice over 3 days. Despite the~40-60 % increase or decrease in CNTF with BBG or the agonist BzATP, respectively, the number of proliferated BrdU+SVZ nuclei did not change. BBG failed to increase FGF2, which is involved in CNTF-regulated neurogenesis, but induced IL-6, LIF, and EGF, which are known to reduce SVZ proliferation. Injections of IL-6 next to the SVZ induced CNTF and FGF2, but not proliferation, suggesting that IL-6 counteracts their neurogenesis-inducing effects. Following ischemic injury of the striatum by middle cerebral artery occlusion (MCAO), a 3-day BBG treatment increased CNTF in the medial penumbra containing the SVZ. BBG also induced CNTF and LIF, which are known to be protective following stroke, in the whole striatum after MCAO, but not GDNF or BDNF. However, BBG treatment did not reduce the lesion area or apoptosis in the penumbra. Even so, this study shows that P2X7 can be targeted with systemic drug treatments to differentially regulate neurotrophic factors in the brain following stroke.
Introduction
We are interested in upregulating CNTF expression in the CNS with systemic pharmacological small molecule treatments. CNTF is a good target because it is almost exclusively produced in the CNS and PNS by astrocytes and Schwann cells, respectively [1, 2] . CNTF is a potent survival-promoting factor for oligodendrocytes [3, 4] and a variety of neurons [5] [6] [7] [8] [9] . Exogenous [10] and endogenous [11] CNTF are protective following stroke in rodents, where it is increased in astrocytes [12] . In the adult CNS, CNTF promotes neurogenesis in the SVZ under normal [13, 14] and stroke-induced conditions [15] , where it is produced by astrocytes [11, 14] . Increasing neuroprotection during the acute phase following stroke and promoting neurogenesis over more protracted postinjury periods with the same agent might be a good treatment strategy.
Extracellular ATP is a potent inducer of astrocytic calcium signaling [16] , and P2X7 receptors can mediate neurodegeneration [17] , possibly by cytotoxic calcium influx and inflammation [18] [19] [20] [21] . Astrocytes have P2X7 receptors [22, 23] , and their stimulation can induce glutamate release [24] and a decrease in glutamate uptake [25] possibly contributing to excitotoxicity. Indeed, the P2X7-specific inhibitor BBG [26] is neuroprotective in rats after MCAOinduced stroke [27] , spinal cord injury [28, 29] , and in a mouse model of Huntington's disease [30] . Therefore, one would expect that BBG would also be effective in mice after stroke although this remains to be tested. P2X7 −/− mice do not have a reduced infarct size after stroke [31] , but it is possible that they have undergone developmental compensation by other genes. The protective effects of BBG might be related to an increase in neuroprotective factors such as CNTF, which can rescue striatal neurons after stroke [10] and in Huntington models [32] [33] [34] . CNTF release is increased following P2X7 siRNA silencing or pharmacological inhibition in cultured rat CMT1A mutant Schwann cells, which have reduced CNTF expression [35, 36] . Whether astroglial CNTF can be regulated through P2X7 receptors is unknown.
P2X7 receptors have been reported in reactive microglia, astrocytes, and neurons, but this has been brought into question due to unreliable antibodies that have cross-reactivity with an unknown protein [37, 38] . Electrophysiological data confirm that astrocytes can have functional P2X7 receptors [39, 40] , raising the possibility that they might regulate CNTF directly. Ependymal cells lining the ventricles also have functional P2X7 receptors, as shown with a reporter gene [41] , and electrophysiology [42] . Ependymal cells regulate adult SVZ neurogenesis [43] [44] [45] [46] .
Here, we investigated the role of the P2X7 receptor in regulating CNTF expression in the adult mouse SVZ and its validity as a pharmacological target of systemic treatments to promote neurogenesis and/or neuroprotection under naïve and stroke conditions.
Materials and Methods

Experimental Animals
A total of 135 male C57BL/6 and Balb/c mice (10-12 weeks of age; 20-28 g; The Jackson Laboratory, Bar Harbor, ME, USA) were used for the in vivo experiments. Cells for tissue cultures were obtained from 2-to 3-day-old postnatal mice. Deep anesthesia for surgeries was achieved by an intraperitoneal injection of Avertin (0.4 mg 2,2,2-tribromoethanol in 0.02 ml of 1.25 % 2-methyl-2-butanol in saline per gram body weight; Sigma-Aldrich, St. Louis, MO, USA). Care and use of experimental animals were carried out according to the guidelines of the University of Louisville Institutional Animal Care and Use Committee and the National Institutes of Health guidelines.
BBG and BzATP Intravenous Injections
For intravenous injections, a midline incision was made in the ventral neck area and one of the jugular veins was exposed by blunt dissection. BzATP [47] and BBG [26] are known as highly selective agonists and antagonists for the P2X7 receptor [16] , respectively. For example, BBG has 1,000-fold higher selectivity compared to other P2X receptors [26] . BzATP, for example, fails to activate salivary glands of P2X7 null mice even though they express multiple isoforms of P2X and P2Y nucleotide receptors [48] . A total of 0.1 ml of saline as control vehicle, 35 mg/kg BBG [approximately 1 mg per injection; cat. # B8522, Sigma-Aldrich], or 35 mg/kg BzATP [cat. # B6396, Sigma-Aldrich] was injected daily over 3 days in naïve mice, or starting immediately after middle cerebral artery occlusion (MCAO) (see below). This dose was within the maximally effective range in our preliminary experiment for CNTF expression in naïve mice. Others have shown that i.p. injections of 30 mg/kg BBG twice a day for 3 days is protective after MCAO in rats [27] and that i.v. injection of 10 or 50 mg/kg once a day was equally protective after spinal cord injury in rats [29] . We chose the i.v. route because the drugs would rapidly reach the brain that is important for neuroprotection. Therefore, our dosing was well within the acute neuroprotective range as shown in rats. We chose to inject into the jugular vein due to the viscosity of the BBG solution that made it more difficult to inject in the tail veins.
The skin wound was closed using metal sutures. At the end of the 3-day period, i.e., 24 h following the last injection, i.e., 72 h following the first injection, the mice were processed for RNA extraction or for histology.
Ischemic Stroke by Temporary Middle Cerebral Artery Occlusion
Focal cerebral ischemia was induced by MCAO for 15 min followed by reperfusion. We chose 15 min so that the lesions would be moderately severe to not injure the SVZ [15] and to give the BBG drug an opportunity to be effective. After the mice were anesthetized, a needle probe of Laser Doppler Flowmetry (Moor VMS-LDF, VP10M200ST, P10d, Moor Instruments Ltd., Wilmington, DE, USA) was glued directly on the superior portion of the temporal bone to monitor cerebral blood flow. A midline skin incision in the neck area with the mouse in the supine position was made, and the left external carotid artery (ECA) was exposed and isolated from small artery branches with a bipolar coagulator (N.S. 237, Codman & Shurtleff, Inc., Randolph, MA, USA). The ECA was ligated with 5-0 silk suture. Microvascular clips were temporarily placed on the common carotid artery (CCM) and the internal carotid artery (ICM), and an arteriotomy was made in the ECA. Next, a 0.21-mm diameter suture (6021PK5Re, DOCOL Co., Redlands, CA, USA) was inserted into the ECA and advanced to the carotid bifurcation along the ICA and to the origin of the MCA. Cerebral blood flow decreased immediately after MCA occlusion to about 20 % of baseline. The suture was withdrawn 15 min after MCA occlusion to restore blood flow of the MCA territory. Sham-operated mice received the same surgery, except suture insertion. Body temperature was maintained at 37.0±0.5°C with a heating pad during the operation and the recovery periods. The wound was closed in layers using silk and metal sutures. This procedure produces consistent injuries involving the striatum and overlying cortex but does not injure the most medial part of the striatum and the SVZ ( Fig. 4a ; [15] ).
Real-time Quantitative Reverse Transcription PCR Total RNA was isolated from freshly dissected 0.5-mm-wide SVZ strips or the rest of the striatum of mice, 3 days after MCAO, obtained from 1-mm-thick slices using a commercial kit (74104, Qiagen, Valencia, CA, USA), and was used as template for reverse transcription (RT), which runs with total RNA (1.0 μg), 1.0 μl of 500 ng/μl random primers (C118A, Promega, San Luis Obispo, CA, USA), 1. 
Histology for Cell Death
To demarcate the astrocyte-free infarct area, every sixth brain section through the injured striatum of 3 days after MCAO was immunostained with rabbit anti-GFAP antibodies (1:1,000; AB5804 Millipore, Billerica, MA, USA) and Alexa fluor 488-conjugated goat anti-rabbit secondary antibodies (1:500; A11008 Invitrogen, Eugene, OR, USA).
To detect cells undergoing apoptosis in the cortical penumbra, adjacent tissue sections were stained for terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL; cat. # 17-141, Millipore, Billerica, MA, USA) and counterstained with Hoechst to detect cells with condensed or fragmented nuclei. Staining was performed according to the manufacturer's protocol. Briefly, after washing in PBS, sections were incubated with proteinase K for 30 min at 37°C and reaction was stopped by washing sections with PBS. This was followed by incubation in TdT end-labeling cocktail for 1 h at 37°C. To remove the TdT end-labeling cocktail and stop the reaction, sections were immersed in TB buffer and PBS and followed by incubation in blocking buffer for 20 min at room temperature. Sections were immunostained with avidin-FITC solution for 30 min at 37°C and then washed in PBS. For counterstaining, sections were stained with Hoechst for 5 min, washed in PB, and coversliped with antifade Gel Mount aqueous mounting media (SouthernBiotech, Birmingham, AL, USA).
BrdU-Positive Nuclei Counts and Stroke Injury Measurements
The number of BrdU-positive nuclei in the SVZ was counted using an unbiased optical fractionator stereological method (Stereologer; Systems Planning and Analysis, Alexandria, VA, USA) [49] and a motorized Leica DMIRE2 microscope. The reference space was defined as a 50-μm-wide strip of the entire lateral of all the lateral ventricles, encompassing dorsoventrally the ventral tip and the dorsolateral triangular regions of the lateral ventricle, and rostrocaudally from the genu of the corpus callosum to the caudal end of the decussation of the anterior commissure. BrdU-positive nuclei were counted within the reference space in software-defined frames. The total number of BrdU-positive cells in a brain was calculated by the software as: n=number of nuclei counted×1/section sampling fraction× 1/area sampling fraction×1/thickness sampling fraction.
The injury area in vehicle or BBG-treated mice was measured in GFAP-immunostained sections using ImageJ (Wayne Rasband, NIH) and the area calculated as a percentage of the entire ipsilateral (MCAO) or contralateral half of the brain. The distance of the injury rim to the SVZ was also measured to indicate the extent of the injury in the medial penumbra, where a 3-day treatment with BBG had increased CNTF in naïve mice or after MCAO.
TUNEL+cells were counted manually in the penumbra of three sections from vehicle or BBG-treated mice, 3 days after MCAO. The analyzed penumbra of the MCAO injury was defined as spanning the width of the primary somatosensory cortex area [50] , using the GFAP-dense region in adjacent sections as a guide to define the penumbra and using a 63× oil objective (Fig. 5b) . In addition, apoptotic cells were counted in the medial striatum next to the SVZ. Only TUNEL+nuclei with clear signs of apoptotic condensation or fragmentation were counted.
P2X7 In Situ Hybridization
Because the location of P2X7 receptors in the SVZ is unknown, we performed in situ hybridization. Two C57BL/6 mice were terminally anesthetized and transcardially perfused with ice-cold PBS followed by 4 % paraformaldehyde. Brains were removed and postfixed for 24 h at 4°C and then embedded in paraffin wax and 7-μm coronal sections prepared on a microtome. Sections were dewaxed by immersion in xylene and rehydrated through a series of alcohol:H 2 O washes (100, 90, 70, and 50 % ethanol). Sections were further fixed in paraformaldehyde for 10 min, washed in PBS, and endogenous peroxidases quenched by incubation in 0.3 % H 2 O 2 for 30 min. Sections were acetylated in acetic anhydride for 10 min (0.5 %), washed in PBS:Tween (PBST, 0.5 %) followed by incubation with proteinase K (10 μg/ml, 30 min, 37°C; cat. # P2308, Sigma-Aldrich). Proteinase K was deactivated by washing in glycine (5 min, 2 mg/ml in PBS) followed by washes in 2× saline sodium citrate (SSC). Sections were prehybridized for 2 h at 50°C in hybridization buffer (50 % formamide, 5× SSC, 1× Denhardts, 20 % dextran sulfate, and 0.1 mg/ml salmon sperm (cat. # 15632-011, Invitrogen). Hybridization was then performed for 24 h at 50°C with 500 ng/ml of 3′ end-labeled digoxigenin (DIG) probe previously labeled using the DIG oligonucleotide 3′ end labeling kit (cat. # 03353575910, Roche, Indianapolis, IN, USA). P2X7 receptor oligonucleotide probes were 5′-GACTTTGTTTGTCTCATACTGCAA GACATCGTTC, CCAAAGCAAAGCTAATGTAGG AAAAGACGATCATG, and GTCTGCACTTGGCCT TCTGACTTGACATAGTTTGT-3′ (Invitrogen, US) and located outside P2X7 receptor mutation site P451L. Positive control probes were targeted to proteolipid protein (PLP), found throughout the brain. Washes were performed in 1× SSC for 20 min followed by washing in 0.5× SSC at hybridization temperature. Probes were blocked for 1 h in heat-inactivated sheep serum (5 % in PBST) at room temperature, incubated in 1:500 anti-DIG-POD (cat. # 01120773 3910, Roche, Indianapolis, IN, USA) in 0.5 % sheep serum overnight at 4°C, and labeled for detection with the TSA-Plus Rhodamine system (cat. # NEL744E001KT, PerkinElmer, San Jose, CA, USA) according to manufacturer's protocol.
Astrocyte-Neuron Coculture
To test whether P2X7 agonist and antagonists could have direct effects on astrocytes, primary astrocyte-neuron cocultures were prepared as described elsewhere [51] with some modifications [11] . In short, brains from postnatal 2-3-day C57BL/6 mice were dissociated, cells triturated, and plated on 10-cm dishes. Cells were grown to confluence and then maintained for an additional 6-7 days before astrocytes were collected and plated into six-well plates at 30,000 cells/ml and grown for a further 5-7 days. Primary mouse neuron cultures were isolated from P0-1 C57BL/6 mice cortices and, after dissociation, the neurons were plated onto five to seven DIV astrocyte cultures in 0 % serum medium. BBG (50 μM; cat. # B8522, Sigma-Aldrich) and BzATP (50 μM; cat. # B6396, Sigma-Aldrich) were applied to culture medium for 24 h before RNA was isolated for RT-qPCR. These concentrations were above the IC50 of known BBG binding to P2X7 [26] and the lowest concentrations that did not cause cell loss. Parallel cultures were fixed and immunostained with GFAP for assessment of astrocyte morphology.
Statistical Analysis
All qPCR and histological analyses were done with investigators blinded to the treatment. Statistical analyses were performed with either the Student's t test or, if more than two groups, ANOVA using Excel software (Microsoft, Seattle, WA, USA). A value of p<0.05 was considered to be statistically significant. All data are presented as a group average+SEM.
Results
P2x7
Receptors Inhibit Endogenous CNTF Expression in the Adult Mouse SVZ Naïve mice were injected i.v. once a day for 3 days and analyzed 24 h after the last injection, i.e., 72 h after the first one. CNTF mRNA expression was increased by BBG in the SVZ of C57BL/6 mice (1.40±0.13 versus saline, 1.00± 0.08; Fig. 1a) . To determine whether P2X7-induced calcium influx might be involved in inhibiting CNTF expression, we compared C57BL/6 mice, which have a P2X7 point mutation that reduces, but not abolishes, calcium signaling [52] [53] [54] , to Balb/c mice. BBG-treated Balb/c mice also had an increase in CNTF mRNA in the SVZ (1.36±0.13 versus saline, 1.00±0.10; Fig. 1a) . The P2X7 agonist BzATP decreased CNTF mRNA in Balb/c mice (0.67± 0.04 versus saline, 1.00±0.12; Fig. 1b ) but had no effect in C57BL/6 mice (0.94±0.09 versus saline, 1.00±0.06; Fig. 1b ). These data suggest that P2X7 receptor can suppresses CNTF expression in the SVZ through calcium signaling and at least one other signaling pathway. Importantly, BBG induced CNTF expression, which raised the possibility that it could both induce neurogenesis and act as a neuroprotectant.
P2x7 Receptors Do Not Regulate CNTF Expression in Cultured Astrocytes
In the SVZ, as in most of the brain, only astrocytes produce CNTF and we wanted to determine whether the P2X7 drug effects were direct or not. Like others [39] , we detect specific signal in cultured primary cortical astrocytes with a ΔCT value of approximately 8.5 compared to GAPDH. Finding any signal is supportive of genuine P2X7 receptors as the TaqMan FAM/BHQ probes provide an additional level of specificity above and beyond the specific primer sets. However, treatment of the neuron-astrocyte cocultures for 24 h with BBG or BzATP did not affect the levels of CNTF mRNA nor the morphology of the astrocytes (data not shown). The drug concentrations ranged from 0.1 to 200 μM, with 0.1 and 50 μM BBG being around the maximum effectiveness on rat and human P2X7 receptors, respectively [26] . This suggests that the P2X7 receptors do not directly regulate CNTF gene expression in astrocytes.
P2X7 Receptors are Present, But At Very Low Levels, in the Adult Mouse SVZ To help identify whether other cells might mediate the drug effects on astroglial CNTF in vivo, we tried a number of different methods to detect the cell type expressing P2X7 in the adult mouse SVZ. We tested several commercial antibodies that showed no specific signal before we realized that they were unreliable as discussed in the "Introduction". We designed a specific P2X7 probe set and performed in situ hybridization but were unable to find any signal (data not shown). Our PLP-positive control probe gave intense staining of many cells through the brain as expected, whereas the control sense probe revealed no staining. P2X7 mRNA levels measured by qPCR were fourfold higher in naïve SVZ tissue than in the striatal extracts that lack the SVZ (data not shown). Together with the culture data, this suggests that P2X7 is present in the SVZ, probably in the ependymal cells that line the medial side of the SVZ [41, 42] . Fig. 1 CNTF expression in the adult mouse SVZ is downregulated by the P2X7 receptor. a Intravenous injections of the P2X7 antagonist BBG over 3 days increased CNTF mRNA measured by qPCR in the naïve SVZ in C57BL/6 mice (n=8 per group). CNTF expression was also increased in BBG-injected Balb/c mice (n=4 per group). b The P2X7 receptor agonist, BzATP, did not change CNTF expression in C57BL/6 mice (n=5 per group) but reduced CNTF mRNA in Balb/c mice (n=6 saline, n=5 BzATP). Data are mean±SEM and calculated as fold of control. *=p<0.05 P2X7 Receptor Modulation Does Not Affect Neurogenesis in the Adult Mouse SVZ Endogenous CNTF increases the rate of neurogenesis as shown before by CNTF antibodies, knockout mice, and CNTF injections over 3-day treatment periods [13, 14] . Thus, we tested whether the changes in CNTF caused by the 3-day P2X7 drug treatments would also promote neurogenesis. BrdU-positive cells were counted in the SVZ using unbiased stereology after systemic injections of BrdU and BBG or BzATP over 3 days (72 and 24 h after the first and last drug injections, respectively). In C57BL/6 mice, neither BBG nor BzATP caused any change in the number of BrdUpositive nuclei compare to the saline-injected group (saline, 66,580±3,088; BBG, 63,607±7,725; BzATP, 62,871±3,368; Fig. 2a-d) . To rule out the possibility that the drugs were more effective in certain regions of the SVZ, the datasets were analyzed for the numbers of events (nuclear counts) per coronal section along the rostrocaudal extent of the SVZ. This showed that the drugs were ineffective throughout the SVZ (Fig. 2e) . In Balb/c mice, where both BBG and BzATP had effects on CNTF levels, no changes in the numbers of BrdUpositive nuclei were observed either (saline, 45,419±3,058; BBG, 48,487±2,061; BzATP, 49,098±1,366; Fig. 2f . The differences in the total numbers between C57BL/6 and Balb/c mice indicate a strain-dependent difference in the proliferation rate, as also found by others [55] .
P2X7 Inhibition Fails to Induce Proneurogenic Growth Factor Conditions
We had previously shown that stroke-induced neurogenesis was dependent on CNTF with downstream induction of FGF2 [15] , known to promote neurogenesis as opposed to EGF [56] . LIF [57] , IL-6 [58] , and TNFα [59, 60] can counteract progenitor proliferation. In the SVZ of naïve mice treated for 3 days with BBG, which induced CNTF mRNA (Fig. 1a) , FGF2 expression was not increased, whereas the antineurogenic growth factors were increased by~20-40 % (Fig. 3a) . As expected, within the same tissue extracts, expression of proliferation markers, specifically EGFR of the rapidly proliferating C cell progenitor, was not increased either (Fig. 3a) .
We had previously shown that recombinant IL-6 injections into the neighboring striatum induces CNTF expression in the naïve SVZ as measured by qPCR 24 h later [11] . In the same SVZ extracts, we found that IL-6 also increased expression of FGF2 (2.2-fold), LIF (1.9-fold), IL-6 (3.6-fold), and TNFα (9.2-fold), but not the proliferation marker EGFR (Fig. 3b) .
This may indicate a neutral outcome of the proneurogenic (FGF2) and NSC self-renewal (IL-6 and LIF) effects. It is possible that BBG-induced IL-6 has similar effects.
P2X7 Inhibition Further Increases Stroke-Induced CNTF in the SVZ/Medial Striatum
In naïve mice, the 3-day BBG induced CNTF expression in the SVZ tissue (Fig. 1) . This contains a part of the medial striatum, i.e., the penumbra of a 15-min MCAO injury (Fig. 4b) . In mice, endogenous CNTF is neuroprotective after MCAO [11] . We, therefore, tested whether the P2X7 mechanisms regulating CNTF would still be intact following MCAO. CNTF levels increased 2.2-fold over sham-operated mice in the SVZ tissue after systemic i.p. injection with vehicle over 3 days starting immediately following an MCAO in C57BL/6 and analyzed 24 h after the last injection (Fig. 4d) . In a previous study, a 15-min MCAO induced CNTF expression only 23 % in the SVZ at 12 days, whereas the 30-min MCAO induced CNTF by more than fourfold [15] . One potential reason for this apparent discrepancy is that the current mice were younger and weighed less, potentially creating larger lesions, as also suggested by the histological sections. Also, we do not know what the CNTF levels at the 3- Fig. 3 P2X7 inhibition induces counteracting growth factors in the SVZ. a A 3-day injection of BBG in naïve C57BL/6 mice did not induce the expression of the general proliferation marker, Ki67, or the C cell marker EGFR. Expression of CNTF mRNA was increased, but not of FGF2, which is known to drive neuroblast formation. EGF, LIF, and IL-6, which are known to reduce neurogenesis, are increased by BBG (n=6 saline, 8 BBG). b Injection of 1 μg IL-6 directly into the striatum next to the SVZ in naïve C57BL/6 mice caused an increase in mRNA for CNTF, FGF2, LIF, and IL-6 itself in the SVZ after 24 h (n= 7 PBS, 4 IL-6). Data are mean±SEM and calculated as fold of control. *=p<0.05, **=p<0.01, ***=p<0.001. All data in Fig. 3 were obtained by qPCR In a cresyl violet-stained coronal section of a C57BL/6 mouse brain, the ischemic injury caused by a unilateral MCAO can be seen in the striatum (STR) and cortex but not the SVZ (arrows). CC corpus callosum, LV lateral ventricle. Scale bar, 250 μm. c The uninjured side is shown for comparison. d MCAO increased CNTF in C57BL/6 mice, while intravenous injections of BBG over 3 days following MCAO increased CNTF mRNA even more in the ipsilateral SVZ as measured by qPCR (n=7 sham, 7 saline MCAO, 8 BBG MCAO). Data are mean ±SEM and calculated as fold of sham-operated control. *=p<0.05, **=p<0.01, ***=p<0.001 day time point were in our previous study. Injections of BBG caused a further increase in CNTF expression (3.4-fold versus sham; Fig. 4d ). Together, these data suggest that CNTF expression is regulated normally following a mild MCAO injury that does not cause overt cell loss in the SVZ.
P2X7 Inhibition Differentially Induces Growth Factors and Does Not Rescue Brain Cells After Stroke
Despite the increase in CNTF caused by the BBG treatment, a separate set of treated mice with an MCAO did not show any evidence of neuroprotection (Fig. 5a, b) , as quantified by the total injury area, the GFAP-negative injury core, or the injured GFAP+penumbra in tissue sections (Fig. 5c ). There also was no significant difference in the number of apoptotic cells in the cortical penumbra of adjacent sections between the BBG and vehicle treatment, as determined by counts of TUNEL+nuclei with condensed or fragmented nuclei (Fig. 5d-i) . The distance of the medial striatal penumbra to the SVZ was also not different between vehicle and BBG-treated mice (1,570±266 μm versus 564±92 μm; p=0.19). To exclude the possibility that BBG did not reach or affect the striatum after MCAO, we measured expression of various neurotrophic factors. Striatal CNTF mRNA was increased~40 % by BBG treatment after MCAO, as was LIF mRNA (Fig. 6a) , which is neuroprotective following stroke [61] . The expression of two other neurotrophic factors, BDNF and GDNF, was not affected by BBG (Fig. 6a) . IL-6 and TNFα, both markers of inflammation, were also not significantly affected by the BBG treatment following MCAO (Fig. 6a) . The same measurements in the SVZ of the MCAO mice showed that only CNTF was significantly increased by BBG treatment (Fig. 6b) . Fig. 5 P2X7 inhibition is not neuroprotective after stroke. a MCAO in C57BL/6 mice caused severe loss of cells as shown in the lack of GFAP immunofluorescent staining in the injury core, involving both the striatum (STR) and cortex (CTX). The medial penumbra towards the SVZ (arrows) and neighboring lateral ventricle (LV) shows abundant GFAP+staining. b The injury appeared similar in mice treated for 3 days with BBG. c Measurements of the injury area were calculated as a percentage of the whole ipsilateral brain and show no significant effect of a BBG treatment over 3 days following MCAO on the area of the injured core or the penumbra. N=6 saline, 4 BBG. TUNEL staining shows many apoptotic cells in the penumbral region of the cortex in both saline-(d) and BBG (e)-injected mice after MCAO. Apoptotic nuclei were defined by TUNEL staining (f) and their typical condensed (arrowhead) or fragmented (arrow) appearance as seen in Hoechst staining (g) as confirmed by double staining (h). i Apoptotic cells were counted in the primary somatosensory area and medial striatum (yellow boxes in b) with a 63× oil objective and were not significantly different between vehicle and BBG-treated mice. N=5 saline, 4 BBG As expected, BBG did not affect the proliferation markers Ki67 and EGFR in the SVZ after MCAO (data not shown).
Discussion
P2X7 Receptor Signaling May Selectively Inhibit Expression of CNTF Family Members
This study identifies several important new aspects of the P2X7 receptor. In the naïve SVZ, BBG stimulated CNTF, LIF, and IL-6 expressions, but not that of FGF2 and TNFα. Following MCAO, BBG increased expression of CNTF and LIF in the striatum, but not of GDNF and BDNF. This shows an interesting selectivity of the P2X7 receptor in inhibiting growth factor expression. Astroglial CNTF is regulated by neuronal contact, but not by glutamate and GABA [11] , whereas BDNF and NGF are regulated by these neurotransmitters [62] [63] [64] . We have found that CNTF and IL-6 injections into the striatum induces CNTF expression [11] . This feed-forward mechanism is also present in the retina [65] . Given their common signaling via the gp130 receptor [66] , this suggests that the downstream STAT3 transcription factor is involved. We have recently found that CNTF is repressed by inhibitory phosphorylation of serine-727 residue on STAT3 [67] . Another intracellular signaling pathway that regulates CNTF expression in astrocytes involves inhibitory cAMP [14, 51, 68] , and we have shown that the cAMP-reducing D2 dopamine agonist quinpirole increases CNTF expression in the adult mouse SVZ [14] . It remains to be determined whether and how the P2X7 receptor would affect these STAT3 and cAMP pathways in the CNS.
While the effects of BBG on CNTF expression in both Balb/c and C57BL/6 mice suggest a common signaling pathway, the agonist data reveal an additional signaling pathway. BzATP reduced CNTF expression in Balb/c, but not in C57BL/6 mice. C57BL/6 mice have a natural P2X7 receptor mutation (P451L) that reduces, although not abolishes, the sensitivity to ATP or BzATP and decreases the calcium influx in several types of cells, including astrocytes [52] [53] [54] . Thus, CNTF inhibition by P2X7 receptors may also be mediated by calcium-dependent signaling, but this remains to be tested.
Potential Indirect Effects of P2X7 Receptors on CNTF Expression
Published and our current data suggest that P2X7 receptor levels in the adult mouse brain are very low, yet functionally involved in regulating CNTF expression. Others have concluded that the currently available antibodies are not reliable and that levels of P2X7 protein in the brain, if present, are too low to be detected by current methods [37, 38, 41] . We also did not detect P2X7 receptors using in situ hybridization, consistent with the lack of expression seen in the Allen Mouse Brain Atlas. Others have detected P2X7 by in situ hybridization in rat SVZ, and in neurons, astrocytes, and microglia [69] . Their results are also consistent with a low abundance, as they used 35 PCR cycles for Northern blotting and 35 S-labeled cRNA probes on tissue sections exposed for 25 days. Others have found neuronal mRNA labeling in the spinal cord and medulla using 35 PCR cycles and DIG-labeled in situ hybridization probes [70] . It is possible that rats have greater P2X7 receptor expression levels than mice.
What cells might mediate the regulation of CNTF expression by P2X7 receptors? In the mouse SVZ, as in most of the CNS, astrocytes produce CNTF [14] . Functional P2X7 receptors have been found in astrocytes [39, 40, 71] . Astrocytes in cortical slices of wild type, but not two lines of P2X7−/− mice, show functional responses to BBG and BzATP, as assessed by whole-cell patch clamping [40] . Our cultured astrocytes expressed P2X7 receptors, as shown by qPCR, but the P2X7 drugs did not affect CNTF expression. We have shown that our astrocyte cultures can respond to drugs, such as D2 agonists or integrin signaling antagonists, by increasing CNTF transcription [14, 67] . This suggests that the known P2X7 receptors of intracellular signaling pathways [72, 73] do not include those involved in CNTF transcription in astrocytes. It also suggests that the drug effects in vivo are indirect through other cells. One candidate is the ependymal SVZ neighbors that are the only cell type expressing detectable levels of P2X7 receptor mRNA in the mouse ventricle lining, as shown by βGal staining in P2X7−/− mice with a lacZ insertion in the locus [37, 41] . Our data showing that P2X7 receptor levels are fourfold higher in the SVZ, which contains the ependymal cells, than in striatal tissue are consistent with this idea. These ependymal P2X7 receptors are functional as shown by electrophysiology and mRNA can be detected by RT-PCR after retrieval from the recorded cells [42] . Thus, it is possible that P2X7 regulates synthesis and/or release of molecules by ependymal cells that, in turn, regulate astroglial CNTF expression in the SVZ. However, it remains to be determined whether this indirect mechanism exists.
The mRNA of P2X7 receptors was increased in the striatum but not in the SVZ after a 15-min MCAO stroke (data not shown). This injury causes cell loss in the striatum, but there was no overt cell loss in the SVZ. This suggests that P2X7 receptors are increased in reactive astrocytes or microglia in response to the ischemic injury and loss of neurons as proposed by others [74, 75] . These cells could mediate the effects of BBG on CNTF expression in the striatum after the MCAO injury.
P2X7 Inhibition May Fail to Induce Neurogenesis by Coinducing Counteracting Growth Factors
Surprisingly, despite the changes in CNTF levels in the SVZ in response to the P2X7 agonist or antagonist treatments, we did not see an effect on neurogenesis as measured by BrdU incorporation over 3 days or by qPCR for proliferation markers. We previously found that CNTF mediates strokeinduced neurogenesis and that this appears to involve downstream stimulation of FGF2 expression [15] . FGF2 treatment promotes SVZ neurogenesis, i.e., the formation of new neuroblasts from progenitor cells [56] . This is consistent with our data showing that FGF2 in the SVZ is not induced by inhibiting P2X7 receptor with BBG. However, we also find that BBG induces IL-6 and that direct IL-6 injections induce both CNTF and FGF2 expression in the naïve SVZ. This suggests that there are P2X7-related mechanisms that counteract the effects of CNTF on neurogenesis and/or the induction of FGF2. Our data show that BBG induced several growth factors known to induce NSC self-renewal to the expense of neuroblast formation, including EGF [56] , LIF [57] , and IL-6 [58] . Interestingly, BBG did not affect expression of TNFα that is also known to reduce neurogenesis [59, 60] .
The P2X7 receptor, therefore, seems to have other activities that affect neurogenesis, competing with its regulation of CNTF expression. To the best of our knowledge, no publications on the role of P2X7 in developmental or adult neurogenesis exist [17, 76] . The P2Y type purinergic receptors are involved in adult neurogenesis and these are found on the progenitors [17] . In cultured astrocytes, P2Y and P2X receptors have opposite effects, for example, in the ability of FGF2 to promote their proliferation [77] . Another potential role of P2X7 receptor is its stimulation of microglial proliferation [78] and microglia may release factors needed for neurogenesis [79] . Thus, P2X7 inhibition by BBG could inhibit such activation of neurogenic support by microglia, counteracting the increases in CNTF. The role of microglia might be further complicated by their dual role in neurogenesis seen in inflammatory conditions [80] .
P2X7 Inhibition Does Not Reduce Cell Loss or Apoptosis Following Stroke in Mice
Others have shown neuroprotective effects of BBG against MCAO-induced stroke in adult Wistar rats using a similar dose of BBG [27] . We do not know why rats and mice respond differently, but this result suggests that they have different P2X7-related mechanisms that contribute to MCAO-induced cell loss. P2X7 is known to contribute directly to neuronal death [17] . However, our finding that BBG is ineffective in reducing cell loss in the striatum or apoptosis in the penumbra at 3 days after MCAO is consistent with the finding that P2X7−/− mice have similar infarct sizes after experimental stroke as wild type mice [31] . Thus, it is possible that P2X7 does not play a role in strokeinduced neuronal loss in mice.
CNTF treatments into the brain over 4 weeks reduce infarct size and enhance recovery following ischemic stroke in rats [10] , and endogenous CNTF appears to be neuroprotective after MCAO [11] . Injection of LIF is also neuroprotective following stroke [61] . Therefore, it is surprising that BBG did not have neuroprotective effects despite the increases in CNTF and LIF. One possibility is that the treatments with CNTF and LIF protein were effective due to the much higher doses relative to the BBG-induced increases of endogenous protein in the brain. Alternatively, the BBG-induced increases may have been too late compared to the natural endogenous response after the stroke. On the other hand, despite our interpretation of a previous study showing increased injury size in CNTF−/− mice after MCAO [11] , acute increases in CNTF may not be protective under some circumstances like this one. Whether or not this protective potential might be related to the injury severity remains to be determined.
P2X7 plays a role in the microglial response that is a component of the inflammatory response of CNS injury [17] . However, our results suggest that BBG did not affect inflammation as measured by TNFα expression in naïve mice or over the 3 days after stroke. This may also explain why we do not see protective effects and are consistent with the findings that we and others have been unable to reduce inflammation over the first week after ischemic stroke [11, 81] . Alternatively, BBG injections may have reduced the beneficial effects of microglia, as suggested by the finding that P2X7 inhibition can increase neuronal loss at 3 days after MCAO [82] , thus perhaps, counteracting the beneficial effects of BBG-increased CNTF. It remains to be tested whether shorter BBG treatments would circumvent this potential complex and detrimental interaction.
In conclusion, the P2X7 receptor repression of endogenous CNTF and its biological effects in the adult mouse brain appear to be much more complex than that of other CNTF regulators such as astroglial D2 dopamine receptors that induce neurogenesis directly via CNTF [14] . This study also shows that CNTF expression is accessible for induction with systemic pharmacological drugs under physiological as well as pathological conditions and that P2X7 receptors provide an avenue to differentially regulate neurotrophic factors.
